Introduction
============

Prions ([@bib82]) spread by refolding host glycoprotein PrP^C^ into corrupt β-sheet--rich PrP^Sc^ ([@bib11]; [@bib84]). PrP^C^ is a small, multifunctional ([@bib1]; [@bib10]) cell surface protein with a C-terminal glycosylphosphatidylinositol (GPI) moiety ([@bib103]), two N-glycosylation sites, and a disulfide bond ([@bib116]). Although covalently identical ([@bib73]; [@bib5]; [@bib105]), the PrP isoforms have distinct properties ([@bib63]): in its mature form, PrP^Sc^ has a C-terminal protease-resistant core (PrP27-30; [Fig. 1 A](#fig1){ref-type="fig"}), precipitates in detergents, forming amyloids such as prion rods ([@bib83]), resists cleavage of its GPI by phosphatidylinositol-specific phospholipase C (PIPLC; [@bib104]), and fails to react natively with antibodies (Abs) to PrP27-30 (core Abs; [@bib48]; [@bib97]), with some exceptions ([@bib51]).

![**N-proximal PrP Abs decorate clusters of micrometer-long strings and webs in infected cells and hippocampus.** (A) Abs and Fabs used in this study; summary of PrP^Sc^ metabolism. Hatched, octarepeats (aa 51--90); blue, mouse mAbs; green, humanized Fabs. EP1802Y is a rabbit mAb. (B) Lysates of uninfected GT1 (U) and of infected ScGT1/RML and ScGT1/22L cells were fractionated by sedimentation through sucrose-Sarkosyl gradients (top, fraction 1). Fractions were analyzed in WB developed with N-terminal mAb 8B4 or core Fab D13. Arrowheads show the glycoforms of highly aggregated FL PrP^Sc^ (fractions 8--11). Arrow (right) shows the 19-kD unglycosylated version of PrP27-30, which is not recognized by 8B4 (left; see also [Fig. S2 C](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp1}). PrP27-30 and FL PrP^Sc^ aggregates are absent from GT1 lysate. See also [Fig. S1 H](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp2}. (C) Subconfluent infected or PPS-cured ScGT1 (a--c) and SMB (d--f) cells were fixed, permeabilized, stained with 8B4 (red; a and b), counterstained with DAPI (blue; a and b), and examined by fluorescence microscopy with a 100× objective. Cells were outlined using the corresponding DIC pictures (Fig. S2 E). Boxes in b and e are enlarged in c and f, respectively. In infected cells, 8B4 decorates clusters of strings up to 5 µm long; arrows show short strings. The seemingly intense PrP^C^ signal observed in ScGT1-PPS compared with that in ScGT1 is discussed in the Immunofluorescence section of Materials and methods. (D) ScGT1 growth-arrested by a 6-d MMC/BrdU treatment were stained with mAb SAF32 using the FA-denaturing protocol. Webs of strings cover large parts of the cell periphery. (b) Enlarged, 3D deconvolved version of box in a. (E) SAF32 labeling of cryosections of uninfected and RML infected hippocampus *stratum oriens* of FVB mice at 106 dpi.](JCB_201308028_Fig1){#fig1}

Most PrP^C^ is GPI anchored to plasma membrane (PM) rafts ([@bib36]; [@bib114]) and caveolae ([@bib77]), but topological variants have been described previously ([@bib38]). In infected cells, a minority of PrP^C^ molecules is slowly converted into PrP^Sc^ ([@bib12]; [@bib111]). Prion conversion may occur in rafts ([@bib114]; [@bib46]; [@bib68]; [@bib6]), on the cell surface ([@bib31]; [@bib30]), or in endosomes ([@bib17]; [@bib13]; [@bib29]; [@bib58]). It produces a full-length (FL) PrP^Sc^ intermediate, which is then N-proximally truncated within a few hours ([@bib19]; [@bib113]; [@bib109]) by acidic proteases to yield a "C2" ([@bib20]) fragment similar to PrP27-30 ([@bib24]). Infected brains ([@bib41]) and cells contain variable proportions of PrP^C^, FL PrP^Sc^, and PrP27-30 ([@bib24]).

Cell-associated prions have been assumed to comprise a size continuum of poorly defined FL PrP^Sc^/PrP27-30 oligomers. However, the existence of membrane-anchored PrP^Sc^ aggregates has never been demonstrated, and the configuration of PrP^Sc^ in the infected cell remains unknown.

Whereas PrP27-30 persists in the endocytic system for days ([@bib112]; [@bib61]; [@bib2]; [@bib44]; [@bib118]), the subcellular localization of FL PrP^Sc^ is unknown. This is a crucial issue because, although often quantitatively minor, FL PrP^Sc^ is the immediate product of the poorly understood conversion event. More generally, the field suffers from the current inability to visualize prions in live cells, a task made exceedingly difficult by the limited native accessibility of PrP27-30 epitopes.

Here we focused on FL PrP^Sc^ and especially on its unstructured N terminus (aa 23--89). The extent to which N-terminal epitopes are natively exposed has remained vague, but ELISA with octarepeat Abs ([@bib125]) and measurement of PrP^Sc^ avidity to immobilized copper ([@bib24]) suggest that N-proximal determinants are accessible in FL PrP^Sc^, at least in detergents.

We studied FL PrP^Sc^ in several mouse cells, including Min6, a pancreatic β cell line ([@bib65]) whose susceptibility to prion infection is reported here for the first time. We now show that N-proximal Abs (N-Abs) do react natively with cell surface FL PrP^Sc^ in its physiological context. This permits us, for the first time, to visualize prions in live cells.

Using immunofluorescence microscopy, we find that FL PrP^Sc^ forms micrometer-long cell-surface "strings," which can assemble in clusters and vast webs comprising FL PrP^Sc^ and PrP27-30 but no detectable PrP^C^. Strings are firmly cell associated; resist PIPLC; align with the raft sphingolipid, GM1, and with caveolin-1; and fluoresce with thioflavin T (ThT), suggesting amyloids. Correlative light microscopy (LM)/immunogold scanning electron microscopy (SEM) shows that FL PrP^Sc^ follows thin tracks on the cell surface. FL PrP^Sc^ stays in strings for hours before endocytosis, sheltered from premature hydrolysis. Strings rapidly fragment and internalize when cells are exposed to anti-prion sulfated glycans, revealing new mechanistic facets of these important agents. We also observe strings in the hippocampus of scrapie-infected mice.

Results
=======

Peculiar strings and webs decorated by N-proximal PrP Abs
---------------------------------------------------------

We used nondenaturing immunofluorescence microscopy with N-Abs ([Fig. 1 A](#fig1){ref-type="fig"}) to visualize FL PrP^Sc^ found in infected cells ([Fig. 1 B](#fig1){ref-type="fig"} and [Fig. S1 H](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp3}). Unexpectedly, N-terminal mAb 8B4 decorated string-like objects in ScGT1 ([Fig. 1 C](#fig1){ref-type="fig"}, b and c) and SMB ([Fig. 1 C](#fig1){ref-type="fig"}, e and f) cells, both infected with the Rocky Mountain Laboratory (RML) strain of mouse-adapted scrapie, but not in three types of negative control---cells cured from prions with pentosan polysulfate (PPS; [Fig. 1 C](#fig1){ref-type="fig"}, a and d; and [Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp4}); uninfected GT1-1 cells (Fig. S2 B), and CHO cells refractory to prion infection (Fig. S1 G)---or in cells labeled in the presence of competing 8B4-specific peptide (Fig. S2 D). Strings were also decorated by N-terminal mAbs SAF32 ([Fig. 2 D](#fig2){ref-type="fig"}), 5B2 (unpublished data), and Fab EST123 ([Fig. 4 B](#fig4){ref-type="fig"}). There were also strings in 22L-infected ScGT1 (ScGT1/22L; Fig. S1 E), N2a/RML (Fig. S1 F), and Min6/RML ([Fig. 2 G](#fig2){ref-type="fig"}); ME7-infected CAD/ME7 ([Fig. S3 H](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp5}); and primary mouse dorsal root ganglion (DRG) cells co-cultured with ScGT1 (Fig. S1 I). Abundant strings also appeared in the hippocampus *stratum oriens* of mice after RML infection. [Figs. 1 E](#fig1){ref-type="fig"} and S1 J show cryosections at 106 d after inoculation (dpi).

![**Core Abs stain strings only after denaturation: strings contain PrP^Sc^ but no detectable PrP^C^.** (A) Fixed ScGT1 costained with N-terminal mAb 8B4 (red) and with core mAb EP1802Y (green). In c and d, cells were denatured with FA before staining. After FA, EP1802Y largely codecorates strings (circles; arrows, short strings) outlined by 8B4 (compare c with d); there was no detectable EP1802Y staining of strings in nondenatured cells (a and b). (B) Pairs of N- and core Abs used to costain strings in this study. Core Abs stained strings only after denaturation, whereas N-Abs decorated them natively. Nevertheless, denaturation still increased the staining intensity of 8B4 and SAF32 (see [Fig. S3 F](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp6}). The dependence of epitopes on denaturation is roughly indicated by their print size on top of the PrP map. (C) In growth-arrested ScGT1, webs costain with SAF32 and core 8H4 after FA denaturation. Variable relative red and green intensities indicate varied proportions of FL PrP^Sc^/PrP27-30 along strings. Images were 3D deconvolved. (D) ScGT1 were costained with SAF32 (a) and with 8H4 (b) after FA denaturation. Two strings codecorated by both Abs (d, orange) are bridged by a PrP27-30 strand (circled; d, red). (E and F) PrP^Sc^ strings do not coincide with cytoplasmic PrP27-30 deposits. ScGT1 were costained with SAF32 and core 8H4 using FA denaturation. z-stacks were acquired (z = 0 is dorsal). (E) 3D-deconvolved images are shown for three planes a total of 5.4 µm apart (colors superimposed). Notice that strings stain in orange and are concentrated in the dorsal plane (a and b). In contrast, abundant cytoplasmic PrP27-30 stains exclusively in green (b and c). (F) A detail of the cell in E. The scheme depicts strings staining with both Abs (red and green) near the top of the cell (z = 0 µm) and intracellular PrP27-30 (green; z = 4.6 µm), which is negative for N-terminal staining. (G) PrP^Sc^ strings are codecorated with 8B4 and EP1802Y in Min6/RML but are absent from uninfected cells (FA denaturation protocol).](JCB_201308028_Fig2){#fig2}

The labeled structures ranged from dots ([Fig. 1 C](#fig1){ref-type="fig"}, c and f, arrows) to strings typically ≤5 µm long (but see Fig. S1 A, b). Their thickness was not optically resolved (resolution ≤300 nm, but see [Fig. 6 E](#fig6){ref-type="fig"}). Strings were sometimes sinuous (Fig. S1 A), branching ([Fig. 1 D](#fig1){ref-type="fig"}), or interrupted (Fig. S1 A and [Fig. 2 D](#fig2){ref-type="fig"}) and often organized in a few clusters/cell ([Fig. 1 C](#fig1){ref-type="fig"}, b and e). Strings were occasionally observed on intercellular connections (Figs. S1 D and S3 G). Immunostaining typically fluctuated along strings ([Fig. 1 C](#fig1){ref-type="fig"}, f, arrowheads; Fig. S1 A, b; and see [Fig. 6 B](#fig6){ref-type="fig"}).

In ScGT1, the abundance of strings increased in the days after seeding, and strings were present in up to 80--100% of cells after 2--3 wk. Strings appeared more rapidly and were more abundant in cells seeded without trypsin (Fig. S1 B and see Materials and methods section Optimization of strings). Strikingly, strings disappeared within 1--2 d of the cells reaching confluence; they were then replaced by small dots (Fig. S1 C). Here, we used subconfluent cultures unless stated otherwise. When subconfluent ScGT1 were growth arrested with mitomycin C (MMC)/BrdU, string prevalence gradually reached 100% and cells developed cell-wide webs ([Fig. 1 D](#fig1){ref-type="fig"}).

Strings/webs contain PrP^Sc^ and PrP27-30 but no PrP^C^
-------------------------------------------------------

In ScGT1 ([Fig. 2, A--D](#fig2){ref-type="fig"}; and Fig. S3, A--D) and Min6/RML ([Fig. 2 G](#fig2){ref-type="fig"} and Fig. S2 F), core Abs codecorated the strings ([Fig. 2 A](#fig2){ref-type="fig"}, c and d) and webs ([Fig. 2, C and G](#fig2){ref-type="fig"}) that were outlined by N-Abs, but only after denaturation with formic acid (FA; [@bib48]; [Fig. 2 A](#fig2){ref-type="fig"}); strings thus contain PrP^Sc^ but no detectable PrP^C^ ([@bib97]; [@bib112]). Guanidine thiocyanate (GdnSCN) also exposed core epitopes in strings, albeit less efficiently (Fig. S3, B and D; and see Materials and methods). No strings were elicited by denaturation in uninfected cells (Fig. S3 E). Even though N-Abs detected native PrP^Sc^, denaturation still increased their staining intensity, but without revealing new strings (Fig. S3 F). Core-proximal SAF32 epitopes were more dependent on denaturation (∼6× increase) than N-proximal 8B4 (∼2×; Fig. S3 F and illustrated in [Fig. 2 B](#fig2){ref-type="fig"}). Accordingly, in brain cryosections, an antigen retrieval step enhanced SAF32 immunostaining ([Fig. 1 E](#fig1){ref-type="fig"} and Fig. S1 J).

Strings also contained variable amounts of trimmed PrP27-30, as shown by the variable relative staining intensities of N- versus core Abs (see [Fig. 6 C](#fig6){ref-type="fig"}). Occasionally, two seemingly unconnected 8B4-decorated strings were bridged by a PrP27-30 strand ([Fig. 2 D](#fig2){ref-type="fig"}, circle). Yet, we have never detected strings composed solely of PrP27-30. Importantly, both strings and PrP 27-30 stores seem to contain similar types of PrP^Sc^, as similar \[GdnSCN\] concentrations were required to expose the core D13 epitope in strings and in endosomes (Fig. S3 I).

Contrary to the perinuclear ([Fig. 2, E and F](#fig2){ref-type="fig"}), endosomal ([Fig. 3 A](#fig3){ref-type="fig"}) PrP 27--30, strings resided at the cell periphery and did not localize with internalized dextran ([Fig. 3 A](#fig3){ref-type="fig"}, d--f) nor with other intracellular markers and tracers ([Table S1](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp7}), suggesting a surface localization.

![**Strings are cell surface structures.** (A) Unlike most PrP27-30, FL PrP^Sc^ strings do not reside in dextran-positive endosomes. ScGT1 were incubated with a fixable Alexa 555--dextran (2 h; 250 µg/ml; red) to saturate the endosomal system, fixed, permeabilized, denatured with 3 M GdnSCN, and stained with either core D13 (a--c) or N-terminal mAb 8B4 (d--f). Within the cell (a--c), most D13 colocalized with dextran (c), consistent with endocytic PrP27-30 localization. The dorsal z = 0 plane (d) contains strings but no dextran. Internalized dextran was first seen in the contiguous z = 300 nm plane within the cell interior (e). The two images are superposed in f. Images sharpened by 2D nearest neighbor deconvolution. (B) In chilled ScGT1, strings are found exclusively on the cell surface. (Step 1) Live ScGT1 were stained at 8°C with 8B4 followed by RRX secondary Fabs (red). (Step 2) Cells were fixed and permeabilized, blocked with unlabeled anti-mouse Fabs, and restained with 8B4 followed by a secondary IgG (green). No additional strings structures were observed in the green (c) versus the red (b) channels, indicating no intracellular strings.](JCB_201308028_Fig3){#fig3}

Live detection of cell surface PIPLC-resistant strings
------------------------------------------------------

Having shown that N-terminal mAbs react with native FL PrP^Sc^, we turned to determine if strings reside on the cell surface. Incubating live ScGT1 (on ice) with 8B4 decorated abundant strings ([Fig. 3 B](#fig3){ref-type="fig"}, b). Restaining with 8B4 after fixation/permeabilization did not reveal intracellular strings ([Fig. 3 B](#fig3){ref-type="fig"}, d). In chilled ScGT1, PrP^Sc^ strings are thus cell surface structures. Staining live cells with N-Fab EST123 ([Fig. 4 B](#fig4){ref-type="fig"}) confirmed that strings were not induced by Ab-mediated "patching" ([@bib60]).

![**PrP^Sc^ strings on the surface of living cells resist extraction by PIPLC and colocalize with GM1 and caveolin.** (A) Live ScGT1 and ScGT1-PPS cooled to 8°C were stained with 8B4 followed by RRX secondary Fabs. (c and d) Cells were treated with PIPLC (1 U/ml; for 1 h at 8°C) before staining. (B) Live ScGT1 were labeled at 8°C with Fab EST123 followed by secondary Fab (monovalent, to prevent Ab-induced PrP patching). (C) GT1 and ScGT1 cells chilled to 8°C were treated or not with PIPLC and incubated with 8B4, and cell-bound mAb was then quantified in a WB developed with secondary Abs coupled to HRP. In infected cells, PIPLC reduced the amount of cell surface--bound 8B4 by ∼50% (lanes 2 and 4). (D, a--d) On the surface of live ScGT1 cells, 8B4-decorated strings (a and c, red) largely overlapped with CTxB (b, arrows) but not with TfR (d, circles and arrowheads). (e and f) Colocalization of 8B4 strings (red) with caveolin 1 (green) in fixed and permeabilized SMB cells treated with GdnSCN. (E) SMB contain caveolin-1. Positive control: C6 glioma.](JCB_201308028R_Fig4){#fig4}

Clusters of strings were specific to infected ScGT1 cells ([Fig. 4 A](#fig4){ref-type="fig"}, b). In addition, both infected and cured cells displayed disperse PrP punctae on a diffuse background, which occasionally loosely aligned in structures much less compact than PrP^Sc^ strings ([Fig. 4 A](#fig4){ref-type="fig"}, a, inset). In contrast to PrP^C^ ([Fig. 4 A](#fig4){ref-type="fig"}, c), strings resisted release with PIPLC ([Fig. 4 A](#fig4){ref-type="fig"}, d), substantiating their PrP^Sc^ nature ([@bib104]). They also resisted harsh salt, pH, or polyanion extraction ([Table 1](#tbl1){ref-type="table"}), indicating a tight cell association, conceivably through GPI anchoring.

###### 

Extraction conditions withstood by strings in live cells at 4°C

  No.   Extraction                                                                    Rationale of use
  ----- ----------------------------------------------------------------------------- ----------------------------------------------------------------------
  1     100 mM NaOAc, pH 5.5, 5 min                                                   Disrupt pH-dependent interactions
  2     100 mM Na~2~CO~3~, pH 11, 3 min                                               Disrupt pH-dependent interactions
  3     10 µg/ml PPS, 30 min, or 500 µg/ml PPS, 1 h, or 1 µg/ml HM, 90 min (in PBS)   Compete with interactions with sulfated glycosaminoglycans
  4     10 µg/ml PPS in 100 mM Na~2~CO~3~, 3 min                                      Combines conditions 2 and 3
  5     2 M NaCl, 2 min                                                               Disrupts electrostatic interactions including interactions with GAGs
  6     0.1% Triton X-100 in PBS, 5 min                                               Does not extract GPI-APs ([@bib59])

(Nos. 1--5) Live ScGT1 cells on Permanox slides were chilled to ice temperature, treated as detailed, and then fixed and stained with 8B4, except for HM-treated cells, which were immunostained on ice before fixation. (No. 6) For the Triton X-100 treatment, cells chilled to 4°C were first immunostained, then incubated with Triton X-100, and then fixed.

By quantifying cell-surface 8B4 binding, we found that, in subconfluent ScGT1, PIPLC-resistant PrP^Sc^ comprises ∼1/2 of all surface FL PrP, the rest being PrP^C^ and possibly PIPLC-sensitive PrP^Sc^ ([Fig. 4 C](#fig4){ref-type="fig"}). The actual level of FL PrP^Sc^ might be even higher, as only ∼1/2 of 8B4 epitopes are natively accessible (Fig. S3 F).

We reasoned that if PrP^Sc^ is tethered to PM rafts, then rafts might align or coalesce to follow strings, as these dynamic 3--5-nm nanodomains ([@bib100]) tend to rearrange when their components (e.g., GPI-anchored proteins \[GPI-APs\]) are clustered ([@bib35]; [@bib98]).

Indeed, the GM1 ligand cholera toxin subunit B (CTxB) codecorated strings on the surface of live ScGT1 ([Fig. 4 D](#fig4){ref-type="fig"}, a and b), whereas strings segregated away from nonraft transferrin receptor ([Fig. 4 D](#fig4){ref-type="fig"}, c and d) and clathrin (Table S1). Moreover, in SMB cells, strings colocalized with caveolin-1 ([Fig. 4 D](#fig4){ref-type="fig"}, e and f). These results strongly suggest that PrP^Sc^ within strings is anchored to raft-like PM domains, plausibly through its GPI moiety.

Strings are slow moving objects, suggesting PrP^Sc^ oligomers
-------------------------------------------------------------

We set out to track strings in live cells. PIPLC-treated ScGT1 were labeled with 8B4 and followed by time-lapse microscopy at 24°C ([Video 1](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp8}). Within 5 min, individual strings had diverged from their original location ([Fig. 5 A](#fig5){ref-type="fig"}, red) by up to 3 µm (green), while retaining their identity. At 24°C, strings are thus stable, slow moving (0--3 µm/5 min) structures.

![**Live staining: FL PrP^Sc^ strings are slowly mobile, resembling Ab-clustered PrP^C^ patches.** (A) ScGT1 were treated with PIPLC, labeled with 8B4/secondary Fab (all at 8°C), and followed by time-lapse microscopy at 24°C. Snapshots at t = 0 (red) and t = 5 min (green) are superimposed in c. (B) ScGT1-PPS (a and b) and ScGT1 (c) cells were labeled with 8B4 followed by secondary Fab at 8°C. (b) PrP^C^ was patched with a tertiary Ab. Cells were then imaged every 400 ms for 24 s at 24°C. Snapshots at *t* = 0 s (red) and *t* = 24 s (green) are superimposed. Three types of PrP objects were followed: small dots in cells not patched with the tertiary Ab (a, uninfected), large Ab-induced clusters (b, uninfected), and strings (c, infected). (d--f) Tracks of individual PrP objects over 6 s. Starting point in red (arrow) and end point in green (arrowhead). Many small 8B4 dots (a) were too mobile to allow tracking for the 6-s period. (C) Mean mobility (a) and fluorescence intensity (b) of the three object types measured over 6 s. Both large Ab-induced clusters (blue columns) and strings (red) were mostly immobile, whereas smaller dots (green) in nonpatched samples were very mobile (∼0.4 µm/s).](JCB_201308028R_Fig5){#fig5}

GPI-APs are typically very mobile on the cell surface (approximately several micrometers per second \[[@bib99]\]), unless clustered ([@bib32]). We compared the mobility of strings to that of free and of Ab-clustered surface PrP^C^. Live GT1 labeled with 8B4/fluorescent Fabs displayed diffuse staining with occasional small PrP^C^ dots ([Fig. 5 B](#fig5){ref-type="fig"}, a). To produce PrP^C^ patches ([Fig. 5, B and C](#fig5){ref-type="fig"}, patched), we used tertiary polyclonal Abs (see Materials and methods). Cells were followed by time-lapse microscopy ([Videos 2--4](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp9}). [Fig. 5 B](#fig5){ref-type="fig"} shows an overlay of snapshots at *t* = 0 (red) and *t* = 24 s (green; tracks shown in [Fig. 5 B](#fig5){ref-type="fig"}, d--f). Whereas spontaneous PrP^C^ dots were very mobile (0.4 µm/s; [Fig. 5 C](#fig5){ref-type="fig"}, a), both PrP^Sc^ strings and PrP^C^ patches were almost immobilized. This supports the idea that strings contain aggregates of GPI-anchored PrP. Furthermore, FRAP studies of immunolabeled strings showed no evidence of longitudinal mobility of PrP^Sc^ in strings ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp10}). Importantly, photobleaching did not appear to sever the strings, as the nonbleached fluorescent portions remained spatially associated throughout the experiment (Fig. S4 A, arrows).

Structural details of strings: Membrane-bound amyloids
------------------------------------------------------

Given the amyloidogenic propensity of PrP^Sc^ in detergents, we asked whether strings might contain amyloids. ThT ([@bib67]) allows visualization of single amyloid fibrils ([@bib4]). To improve the signal/noise ratio, we stained isolated PM sheets rather than whole cells. Strings labeled with 8B4 on live ScGT1 were transferred to glass coverslips using a tear-off procedure ([@bib93]; [Fig. 6 A](#fig6){ref-type="fig"}, a). Subsequent ThT staining ([Fig. 6 A](#fig6){ref-type="fig"}, b) almost perfectly coincided with 8B4 in strings ([Fig. 6 A](#fig6){ref-type="fig"}, c). In many cases, the ThT staining was punctuated (Fig. S4 D). ThT was specific to PrP^Sc^ because it did not stain Ab-clustered PrP^C^ patches in uninfected cells (Fig. S4 B, compare c and d) nor FA-denatured strings ([@bib67]; Fig. S4 C, d). This suggests that PrP^Sc^ forms amyloids when attached to membranes in its natural context (and not only in detergent lysates).

![**Strings and webs stain with ThT and have a beaded structure: LM/SEM.** (A) Live growth-arrested ScGT1 were stained at 8°C with 8B4 followed by RRX secondary Fab. PM sheets were then transferred to glass slides, fixed, stained with ThT, and examined for the fluorescence shift indicative of amyloids. ThT staining (b, inset, green) colocalized with 8B4-labeled strings (a); merge shown in c. Bar: (a, inset) 0.5 µm. (B--D) Quasi periodic immunostaining of strings/webs. Fixed SMB (B) and fixed/FA-treated ScGT1 (C and D) cells were stained with the indicated Abs. Both N- and core Abs had a punctuated distribution hinting at a "beaded chain." In some cases, individual foci were especially prominent with one Ab but not with the other (C, b, arrows), suggesting local differences in the ratio of FL/trimmed PrP^Sc^. (B) Several z-planes 300 nm apart (such as the one in the left panel) were acquired. 3D reconstructions show quasi-periodic immunostaining (right, arrow) of strings crossing the focal plane (arrowheads). The distance between consecutive peaks is 300--600 nm. (D) In many instances, strings organized in webs of various complexities. Some strings appeared to serve as organizing "stems" (arrow), which sprouted ramifications (D, b, arrowheads). (E) Correlative LM/SEM. Live ScGT1 (a--c) growing on ITO-coated coverglass slides were treated with PIPLC and then stained with 8B4 followed by fluorescent and 18-nm immunogold labels before fixation (Materials and methods). (d) ScGT1-PPS (not treated with PIPLC) were labeled as above, except that a clustering Ab was used to produce PrP^C^ patches on the cell surface. Cells were fixed, visualized by immunofluorescence (a, inset), postfixed, and further processed for SEM-BSe analysis without metal coating. (a) Strings seen by immunofluorescence (inset) correlated well with thin lines of immunogold in SEM-BSe (arrows and circles). Additional examples of strings are shown in b and c. In contrast, patched PrP^C^ appeared as unorganized clumps of immunogold (d).](JCB_201308028_Fig6){#fig6}

We next revisited the intriguing fluctuation of PrP immunostaining along strings ([Fig. 1 C](#fig1){ref-type="fig"}, f, arrowheads; and Fig. S1 A, b). In unsaturated micrographs, strings were clearly punctuated with both N- and core Abs even in FA-denatured samples ([Fig. 6, B--D](#fig6){ref-type="fig"}). This beaded pattern was also seen in webs ([Fig. 6 D](#fig6){ref-type="fig"}) where lateral strings (arrowheads) seem to sprout out of a master strand (arrow). 3D deconvolution revealed a beaded configuration in strings penetrating the focal plane ([Fig. 6 B](#fig6){ref-type="fig"}, arrowheads). The relative intensity of individual foci with N- and core Abs was uneven along strings ([Fig. 6 C](#fig6){ref-type="fig"}, arrows, compare a and b), suggesting variable PrP27-30 and FL PrP^Sc^ ratios.

For a more detailed view of how FL PrP^Sc^ is distributed along strings on the cell surface, we devised a method of positional correlation of immunofluorescent LM/SEM. Cells were grown on indium-tin oxide (ITO)--coated glass slides. This transparent layer is conductive enough to permit SEM imaging of immunogold-labeled cells without further metal coating ([@bib81]). Positional fluorescence/SEM correlation was achieved using a custom designed gold nanoruler built underneath the ITO coating and visible by both LM and SEM (Fig. S4 E, arrows). Live chilled PIPLC-treated ScGT1 were immunolabeled with 8B4 followed by a mixed secondary detection including both fluorescent and gold labels (Materials and methods). Cells were first visualized by fluorescence and differential interference contrast (DIC; Fig. S4 E), and then postfixed and imaged by SEM using a back-scattered electron (BSe) detector. Immunofluorescent strings correlated well with stretches of immunogold detected by SEM ([Fig. 6 E](#fig6){ref-type="fig"}, a; and Fig. S4 F). By BSe SEM, immunogold-labeled PrP in strings ([Fig. 6 E](#fig6){ref-type="fig"}, a--c) were aligned in micrometer-long threads within an estimated resolution of 40 nm (Materials and methods, Correlative LM/SEM), significantly better than the 300-nm resolution provided by LM. In contrast, Ab-patched PrP^C^ on the surface of cured cells appeared as unorganized clusters of immunogold ([Fig. 6 E](#fig6){ref-type="fig"}, d).

Given the strict alignment of strings observed in SEM we asked whether a cellular structure may guide strings. By immunofluorescence, we found no evidence for actin or microtubules guiding strings structure, as neither fiber aligned with strings ([Fig. 7 A](#fig7){ref-type="fig"} and [Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201308028/DC1){#supp11}) and short treatments with cytochalasin D or nocodazole (Fig. S5, B and C) or prolonged incubations on ice ([Table 1](#tbl1){ref-type="table"}) failed to disrupt strings. Longer exposure to higher nocodazole concentrations (1 µM for 1 h), however, largely dispersed strings in ScGT1 (unpublished data). Whether this is a direct effect of microtubule disruption remains to be seen. We also found no coalignment of strings with fibronectin threads ([Fig. 7 B](#fig7){ref-type="fig"}) nor with micrometer-long strands of the membrane adaptor pacsin 2 ([@bib34]; [Fig. 7 C](#fig7){ref-type="fig"}).

![**Strings do not align with actin fibers or other fibrillar structures.** (A) Fixed, permeabilized ScGT1 cells were stained with 8B4 (b and c \[red\]) and costained with phalloidin to stain actin fibers (a and c \[green\]). We found no colocalization or alignment between the strings and actin fibers. We also failed to discern higher scale organizations in fibers that would correspond to string clusters. (B and C) Cells were fixed, denatured with GdnSCN, stained with SAF32, and costained with either anti-fibronectin (B) or anti-pacsin 2 (C) Abs. No colocalization was detected.](JCB_201308028R_Fig7){#fig7}

Transmission electron microscopy (TEM) analysis of sections of prion-infected cells failed to identify recognizable cellular or extracellular structures in association with PM clusters of FL PrP (Fig. S5 D). Interestingly, PrP clusters were occasionally associated with membrane protrusions reminiscent of macropinocytic processes (Fig. S5 D, e and g).

Fl PrP^Sc^ stays in strings for \>4 h, avoiding internalization
---------------------------------------------------------------

Because strings contain FL PrP^Sc^, they must be located at or downstream of PrP^Sc^ synthesis, but upstream of endocytosis and trimming (see [Fig. 10 A](#fig10){ref-type="fig"}), providing a transit site for nascent FL PrP^Sc^.

To determine if FL PrP^Sc^ lingers in this transit site before internalization, we pulse-labeled live subconfluent GT1 ([Fig. 8 A](#fig8){ref-type="fig"}) and ScGT1 ([Fig. 8 B](#fig8){ref-type="fig"}) for 20 min at 37°C with a mixture of 8B4 and RRX secondary Fabs (red) followed by a 2- or 4-h unlabeled chase. To test if 8B4-labeled PrP still resided on the surface at the end of the chase, cells were chilled and incubated with cy2 secondary Fabs ([Fig. 8, A and B](#fig8){ref-type="fig"}, green). In GT1, PrP^C^ was largely internalized after 2 h, as expected ([@bib107]; notice the intracellular red dots and the lack of green signal in [Fig. 8 A](#fig8){ref-type="fig"}, b and c). In contrast, ScGT1 strings remained almost unchanged in number even after a 4-h chase and were still on the cell surface as they labeled in green ([Fig. 8](#fig8){ref-type="fig"}, B \[b and c\] and quantified in C). Thus, FL PrP^Sc^ stays in cell surface strings for \>4 h. In other experiments strings gradually disappear from the cell surface between 8 and 18 h after immunolabeling (unpublished data). Importantly, strings appeared to be shorter lived in confluent cells as well as in more crowded regions of the dish, consistent with their low abundance under these conditions (Fig. S1 C).

![**Strings are long lived (\>4 h) but are rapidly fragmented and eliminated by sulfated glycans.** Strings are more stable in growth-arrested cells. (A and B) Live GT1 (A) and ScGT1 (B) were stained (37°C for 20 min) with a mixture of 8B4 and RRX secondary Fabs (red), chased in unlabeled medium for 0--4 h, and then cooled on ice and labeled again with cy2 secondary Fabs (green) to reveal remnant 8B4-labeled PrP on the cell surface. PrP^C^ rapidly internalized as shown by the intracellular red dots and the lack of green in A (b and c). In contrast, strings were still on the cell surface of ScGT1 after 4 h (B, a--c). In B (d--f), 1 µg/ml HM was included in the chase. Remarkably, strings were fragmented after 1 h (B, d) and disappeared thereafter (e and f). Notice the different scale bars in A and B: A shows entire cells, roughly outlined by the dashed line; whereas B focuses on string clusters. (C) Quantification cy2-labeled (cell surface) strings from the experiment shown in B. ScGT1 at t = 0 h and t = 4 h (with or without HM). For each time point, strings were counted out of a z-stack of four randomly chosen fields with three to five cells/field. Error bars show standard error. (D) ScGT1 untreated or treated with PPS (5 µg/ml; 1 h) were fixed, FA denatured, and stained with N-terminal mAb 8B4 (a and c) and core mAb EP1802Y (b and d). PPS treatment eliminated strings as visualized by both N-terminal mAb 8B4 and core mAb EP1802Y (c and d). Subconfluent (E) or growth-arrested (F) ScGT1 were treated with 1 µg/ml HM or 5 µg/ml PPS for the indicated times, fixed, denatured, and immunostained with 8B4 (E) or SAF32 (F). Most growth-arrested cells still had strings after 2 h of HM treatment, and 10--20% of cells retained some strings even after 12-h incubation with HM (F, c). (G) Abundant and intensely stained (mAb 8B4) strings in ScGT1 cells treated for 10 h with 20 mM NH~4~Cl.](JCB_201308028R_Fig8){#fig8}

Compared with PrP^C^, FL PrP^Sc^ is thus sheltered from premature internalization and exposure to hydrolytic endosomes ([@bib17]; [@bib113]).

Many sulfated glycans (e.g., PPS \[[@bib18]\]) and dextran-based heparan-mimetic HM5004 (HM; [@bib95]) are potent prion inhibitors, but their mode of action is poorly understood ([@bib7]; [@bib40]; [@bib42]). When 1 µg/ml HM was included in the chase medium of the 8B4 pulse-labeled ScGT1, labeled strings rapidly fragmented ([Fig. 8 B](#fig8){ref-type="fig"}, a and d) and subsequently disappeared ([Fig. 8](#fig8){ref-type="fig"}, B \[e and f\] and quantified in C). HM and PPS did not merely reduce N-proximal epitopes, but rather completely obliterated the strings, as no strings were observed with either N-terminal mAbs 8B4 ([Fig. 8 D](#fig8){ref-type="fig"}, a and c) or core mAbs ([Fig. 8 D](#fig8){ref-type="fig"}, b and d) after denaturation. This presumably required an active metabolism because strings remained intact even at much higher PPS concentrations at 4°C ([Table 1](#tbl1){ref-type="table"}).

Of note, strings were much more resistant to sulfated glycans in growth-arrested cells, with some strings and webs remaining detectable with 8B4 even after 12-h incubation with 1 µg/ml HM ([Fig. 8 F](#fig8){ref-type="fig"}, compare with nonarrested cells in E). The increased stability of strings in growth-arrested cells may explain the vast abundance of strings in these cells ([Fig. 1 D](#fig1){ref-type="fig"}).

In some cases, strings/webs are the major cellular PrP^Sc^ store
----------------------------------------------------------------

Our analysis at the single cell level allowed us to refine previous biochemical studies, which suggested that FL PrP^Sc^ is quantitatively internalized and trimmed ([@bib113]). Here we found that the ratio of PrP^Sc^ in cell surface strings versus intracellular PrP27-30 varied among individual cells. In some cells ([Fig. 9 A](#fig9){ref-type="fig"}), there was little cytoplasmic PrP27-30 and most PrP^Sc^ was clearly concentrated in strings (compare with [Fig. 2 E](#fig2){ref-type="fig"}). More generally, in ScGT1, the proportion of strings gradually increased upon growth arrest: 3 wk after a MMC/BrdU treatment (Materials and methods), there was almost no PrP^Sc^ outside of strings (unpublished data). This parallels biochemical findings that the ratio of FL PrP^Sc^/truncated PrP27-30 varies among cell types, with post-mitotic neurons having a high proportion of FL PrP^Sc^ ([@bib24]).

![**In some cells, strings are the major PrP^Sc^ store.** (A) In some cells, strings are the major PrP^Sc^ store. ScGT1 were costained with N-terminal mAb 8B4 and core EP1802Y using the FA-denaturing protocol. z-stacks were acquired, images were processed by 3D deconvolution, and three focal planes are shown (see z-values). Images obtained with N- (a--c, red) and core (d--f, green) Abs are superimposed in g--i. The cell has little PrP27-30 in cytoplasmic stores (arrows); most cellular PrP^Sc^ (including PrP27-30) is in strings and stains with both Abs. (B) An abridged PrP lacking the N terminus can access strings. ScGT1 stably expressing the abridged PrP Δ23-89 version were fixed and costained with mAbs 8B4 (green) and 3F4 (red) with or without prior denaturation with FA (as indicated). 3F4 recognizes Δ23-89 PrP (constructed on the MHM~2~ platform) but not endogenous mouse PrP, whereas N-terminal mAb 8B4 does not recognize the abridged Δ23-89 PrP. In some cells, 3F4 codecorated the 8B4 strings (d--f), but only after denaturation (compare b and e), indicating that the abridged PrP are present in strings in their PrP^Sc^ form. N-proximal sequences are thus not necessary (in cis) to guide PrP to strings.](JCB_201308028_Fig9){#fig9}

It is thought that PrP^Sc^ is trimmed in endosomes. A 10-h treatment with the lysosomotropic amine NH~4~Cl robustly increased the abundance of strings and their immunofluorescence intensity. Typically, 10--20% of cells became overloaded with intensely stained strings ([Fig. 8 G](#fig8){ref-type="fig"}). 5% of cells became covered with large webs (unpublished data) similar to those found in growth-arrested cells, with the rest of the population exhibiting a smaller but still significant increase. Whether this was directly caused by inhibition of acid proteases or by other effects of long NH~4~Cl treatment (e.g., possible trafficking jams) remains to be seen.

If PrP27-30 is generated in endosomes, its presence in cell surface strings suggests recycling events ([Fig. 10 A](#fig10){ref-type="fig"}, b). We found that a 3F4-tagged abridged Δ23-89 PrP version lacking the N terminus ([@bib89]) can localize to strings in a prion, denaturation-dependent configuration ([Fig. 9 B](#fig9){ref-type="fig"}) when expressed in ScGT1 cells. Thus, the lack of the N terminus does not prevent PrP27-30 from joining strings containing FL PrP^Sc^ ([Fig. 10 A](#fig10){ref-type="fig"}, b), at least in cells that also produce endogenous, wild-type FL PrP.

![**Models.** (A, a) Map of PrP^Sc^ metabolism and trafficking in infected cells. FL PrP^Sc^ is formed on rafts either on the cell surface or in an endocytic compartment. FL PrP^Sc^ is then N-proximally truncated into PrP27-30 by acidic proteases and accumulates in endolysosomes. (b) Strings acquire PrP^Sc^ either by converting cell surface PrP^C^ (alternative i) or by importing it from intracellular conversion compartments (ii). PrP27-30 is probably recycled from hydrolytic endosomes (dashed arrows). However, PrP27-30 could also be generated by in-string truncation on the cell surface. (c) Whereas PrP^C^ is rapidly endocytosed in subconfluent GT1, PrP^Sc^ is delayed in cell surface strings for \>4 h. (B) Models of string structure. (Model A) Strings are amyloid fibrils/ribbons anchored to the cell surface. (Model B) Strings are composed of PrP^Sc^ foci aligned by yet unknown cellular structures (e.g., ECM or membrane elements; see Discussion).](JCB_201308028R_Fig10){#fig10}

Discussion
==========

N-proximal epitopes natively exposed: A new vista into prion biology
--------------------------------------------------------------------

Using Abs to the N-proximal epitopes of PrP we show that FL PrP^Sc^ organizes in micrometer-long cell surface strings and vast webs, profoundly influencing its cell biology. Strings are the first evidence of GPI-anchored PrP^Sc^ amyloids. Their presence in infected brains reinforces their relevance to prion biology. The finding that N-proximal PrP^Sc^ epitopes are exposed in their physiological environment enabled us to visualize and track prions in live cells ([Figs. 5](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}). It should now be possible to sort living cells according to their prion status. The rapid response of strings to prion-inhibiting agents ([Fig. 8 B](#fig8){ref-type="fig"}) should aid genetic and pharmacological screens. Proteomic discovery of native PrP^Sc^ interactors should be facilitated.

As strings do not react natively with core mAbs/Fabs, they contain little if any PrP^C^. They do, however, contain PrP^Sc^ because they stain intensely with core Abs after denaturation, resist release from the cell surface by PIPLC, fluoresce with ThT, and resist extraction with FA ([@bib31]). Furthermore, judging by the \[GdnSCN\] required to expose the D13 epitope, strings contain PrP^Sc^ species broadly analogous to those found in endosomes. Thus, strings do not appear to contain large amounts of protease-sensitive PrP^Sc^, as these species tend to be revealed by core Abs at lower \[GndSCN\] concentrations ([@bib117]).

Because strings align with GM1 and cav-1, they are probably GPI tethered to the PM, a conclusion supported by their tight attachment to the cell surface ([Table 1](#tbl1){ref-type="table"}) and their mobility profile, which is similar to that of Ab-clustered PrP^C^ ([Fig. 5, B and C](#fig5){ref-type="fig"}). Incidentally, it is well known that clustering cell-surface GPI APs, including PrP^C^ ([@bib66]), can lead to abnormal signaling (e.g., through clustering of raft-resident Src \[[@bib108]\]). Whether or not membrane-anchored PrP^Sc^ in strings elicits abnormal signaling remains to be seen. Of note, prion-infected cells and brains have elevated levels of phosphorylated Src ([@bib71]).

Structure of strings
--------------------

Immunofluorescence indicates that strings are micrometer long, are linear but occasionally branching objects, are of undetermined width (limited by the optical resolution), and have an inhomogeneous PrP distribution. Correlative immunofluorescence/SEM improves the resolution to \<40 nm (Materials and methods, Correlative LM/SEM). Both SEM and TEM confirm that FL PrP^Sc^ forms clusters on the surface of infected cells.

ThT staining hints that strings contain amyloids, but little is known of amyloid configurations of membrane-anchored GPI-APs. A GPI-anchored Sup35 yeast prion was shown to propagate on the cell surface ([@bib102]), but its amyloidic characteristics have not been reported. Models of strings ([Fig. 10 B](#fig10){ref-type="fig"}) need to explain three salient findings: predominant linearity of individual strings with occasional branching and networking, discontinuous staining, and the presumed membrane anchoring of PrP^Sc^.

By analogy to prion rods, one possibility is that strings are amyloid fibrils or ribbons ([Fig. 10 B](#fig10){ref-type="fig"}, Model A). Fibrils can occasionally branch ([@bib37]), explaining PrP^Sc^ webs. Interestingly, even fibrils assembled from homogeneous precursors can stain discontinuously, e.g., fluctuating immunostaining along fibrils of anchorless PrP ([@bib72]; [@bib56]) and discontinuous ThT staining along fibrils of β2-microglobulin ([@bib4]) or amylin ([@bib74]). It remains to be seen if the punctuated staining of strings reflects structural heterogeneities or a discontinuous association with unknown cellular components. As amyloid filaments are β-helically twisted, anchoring of each individual PrP^Sc^ molecule would impose large topologic constraints on the membrane (perhaps even disrupting the bilayer continuity). Alternatively, unanchored GPI moieties might associate with hydrophobic structures within strings (e.g., lipids \[[@bib50]; [@bib123]\]) or a portion of PrP^Sc^ molecules in strings may lack the GPI moiety altogether ([@bib14]).

Another possibility is that strings represent discrete PrP^Sc^ foci aligned by unknown cellular structures ([Fig. 10 B](#fig10){ref-type="fig"}, Model B). Foci could be short amyloid fibrils (e.g., "rods" are \<200 nm long), protofibrils ([@bib37]), or 2D PrP^Sc^ lattices, as described for PrP27-30 ([@bib122]). Plausibly, lattices should be only a few stacks high, allowing many PrP^Sc^ molecules to be both GPI anchored to the PM and accessible to mAb 8B4. The TEM results suggest that FL PrP is immediately adjacent to the surface of infected cells (Fig. S5 D). What cellular architecture could possibly align PrP^Sc^ foci? ECM threadlike components are one possibility. Heparan sulfate--binding regions of PrP N terminus ([@bib120]) could conceivably hold foci onto ECM guides, but this interaction should withstand a strong PPS, HM, or NaCl challenge in chilled cells ([Table 1](#tbl1){ref-type="table"}).

Tubulation driven by protein-membrane scaffolding could provide another aligning mechanism. Multimeric raft ligands can induce micrometer-long membrane tubules in cells and in liposomes, e.g., SV40 and Shiga toxin B ([@bib90]; [@bib25]). Being a multimeric raft component, PrP^Sc^ could perhaps also induce membrane tubulations. Interestingly, SAF32-labeled PrP^Sc^ was found in PM invaginations in neurites in the hippocampus ([@bib30]).

A groundbreaking atomic force microscopy study visualized assemblies of 0.5--4-µm-long fibrillar protrusions covering the ScN2a surface ([@bib121]). Whether or not these structures contain PrP was not established, but their length and kinetics of appearance (days after plating) are reminiscent of strings. Further work will establish whether these atomic force microscopy protrusions relate to strings.

Where do strings acquire their PrP^Sc^ content?
-----------------------------------------------

One possibility is that strings produce their own PrP^Sc^. Indeed, PrP amyloid fibrils can accrete and convert PrP^C^. It is not yet known whether 2D PrP^Sc^ lattices can also expand laterally by templating PrP^C^. The prolonged residence of strings on the cell surface ([Fig. 8 B](#fig8){ref-type="fig"}), where PrP^C^ is abundant, could provide opportunities for the conversion. However, import of FL PrP^Sc^ from distal compartments, perhaps together with PrP27-30, is also possible.

The generation of C2/PrP27-30 is thought to involve acidic proteases; trimmed PrP27-30 could be recycled from endosomes ([Fig. 10 A](#fig10){ref-type="fig"}, b, dotted arrows). Indeed, the N terminus was not required for the trafficking of an abridged Δ23--88 PrP to strings ([Fig. 9 B](#fig9){ref-type="fig"}), at least in cells coexpressing wild-type FL PrP. String PrP27-30 may also originate from cell surface digestion. Examples of extracellular acidic proteolysis include macrophages resolving cholesterol plaques ([@bib33]) and osteoclasts attacking mineralized bone.

Delayed PrP^Sc^ internalization
-------------------------------

Compared with PrP^C^, the internalization of strings was strikingly delayed ([Fig. 8, A--C](#fig8){ref-type="fig"}; and [Fig. 10 A](#fig10){ref-type="fig"}, c, red arrows), perhaps contributing to the large amount of cell surface FL PrP^Sc^ observed in the brain ([@bib44]; [@bib15]; [@bib24]). It will be important to establish if the aggregation of PrP^Sc^ plays a role in its prolonged cell surface residence.

How strings are eventually removed from the cell surface remains to be established. Our failure to observe intracellular strings suggests that they fragment before endocytosis. However, they could also disassemble soon after internalization, as artificial PrP fibrils, for instance, can rapidly disintegrate at pH 4.5 ([@bib86]). Whether or not strings internalize via LRP1 ([@bib45]), via raft-dependent mechanisms, or by other ways remains to be determined. Clathrin-coated pits are limited to a 200-nm cargo ([@bib22]) and thus could accommodate single PrP^Sc^ foci but not whole strings. Whole string internalization would require alternative processes such as macropinocytosis ([@bib119]). It is also possible that strings switch between various endocytic mechanisms depending on the cell physiology, for instance, in response to changes in the local cell density, as shown for viral endocytosis ([@bib101]).

It will be important to determine if the delayed PrP^Sc^ internalization affects the biology of prions. In the mouse brain, the half-life of RML PrP^Sc^ (a protease-resistant strain) is only 1.5 d ([@bib57]; [@bib92]). Presumably, protease-sensitive strains such as transmissible mink encephalopathy *drowsy* ([@bib9]) are even more labile. For such strains, the organization of PrP^Sc^ in strings and the prevention of premature lysosomal challenge could be crucial.

Our findings raise several questions. What is the ultrastructure of strings and webs? Are they aligned by cellular elements, and are these elements organized ad hoc by prion infection? How are strings internalized? Why are strings so sensitive to sulfated glycans? How significant is the raft engagement by strings to prion pathogenesis? More generally, it is tempting to ask whether cell surface strings/webs illustrate general phenomena related to the aggregation or clustering of membrane proteins. Such situations could include functional amyloids ([@bib8]; [@bib43]), clustering of PrP^C^ by its Aβ ligand ([@bib27]; [@bib87]), controlled homotypic interaction of membrane proteins in the ER ([@bib54]), and perhaps clustering of cellular receptors by multimeric viral and bacterial ligands.

Materials and methods
=====================

Reagents
--------

Cell culture reagents were obtained from Biological Industries except for OptiMEM, Neurobasal medium, and the B27 supplement (Invitrogen). Tissue culture dishes and chamber slides were purchased from Thermo Fisher Scientific. HM was provided by D. Barritault (Université Paris XII, Créteil, France). Cross-linkable Alexa 555--dextran, Cascade blue dextran, G418 sulfate, Alexa Fluor 488 and Alexa Fluor 555 CTxB, LysoTracker DND-99, BODIPY, and PIPLC were obtained from Invitrogen. N-Glycosidase F (PNGase F) was obtained from New England BioLabs, Inc. Fluorescent aerolysin (FLAER) was purchased from Protox Biotech. Phalloidin-tetramethylrhodamine, DAPI, Hoechst 33258, MMC, BrdU, and other reagents were purchased from Sigma-Aldrich.

PrP Abs
-------

We used the following PrP Abs and dilutions for immunofluorescence: mAb 8H4 (5 µg/ml) and the N-terminal mAb 8B4 (2--5 µg/ml; [@bib53]) obtained from Alicon. SAF32 (2 µg/ml; [@bib23]; [@bib76]; 189720) was obtained from Cayman Chemical. Core mAb 3F4 (5 µg/ml; [@bib47]) was purchased from EMD Millipore (MAB1562). It binds to residues Met108 and Met111 ([@bib88]) in chimeric mouse/hamster MHM~2~-PrP but does not recognize the wild-type mouse PrP endogenous to GT1 cells. Mouse mAb IPC1 ([@bib16]) was a gift from R. Gabizon (Hadassah University Hospital, Jerusalem, Israel). IPC1 was obtained by immunizing PrP^0/0^ mice with recombinant mouse PrP. It is available from Sigma-Aldrich (p5999). Mouse mAb W226 ([@bib79]) was a kind gift from L. Stitz (Friedrich-Loeffler-Institut, Tuebingen, Germany). It was produced from the immunization of PrP^0/0^ mice with phosphotungstic acid-purified mouse prions. Humanized PrP Fabs D13, R1, and R2 (10 µg/ml) ([@bib124]) and EST123 (10--20 µg/ml; [@bib75]; [@bib52]) were purchased from InPro Biotechnologies. Of note, the EST123 epitope appeared to be fixation sensitive and reacted only on living cells. Octarepeat mAb 5B2 (2 µg/ml; [@bib53]) was purchased from Santa Cruz Biotechnology, Inc. Rabbit mAb EP1802Y (2 µg/ml) was purchased from Epitomics.

Epitopes recognized by PrP Abs
------------------------------

The following epitopes were recognized by PrP Abs: EST123: residues 29--37; 8B4: 37--44; SAF32: octarepeats; D13: 96--106; 3F4: M~109~ and M~112~ in MHM~2~; IPC1: 144--152; W226: 145--153; R1 and R2: 225--231; and EP1802Y: 214--230.

Other primary Abs
-----------------

Rab9 (SC28573), Rab7 (SC10767), EEA1 (SC6414), calnexin (SC6465), BiP (SC13968), Rab5A (SC309), Rab4A (SC312), Rab11 (SC9020), GM130 (SC30100), clathrin HC (SC6579), and M6PR/IGFIIR (SC25462) were obtained from Santa Cruz Biotechnology, Inc. Lamp1/CD107a (clone 1D4B; 121602) and transferrin receptor/CD71 (113809) rat mAbs were obtained from BioLegend. β-Tubulin mouse mAb (clone TBN06, IgG3, MS-1226-P0) was obtained from Lab Vision. Caveolin-1 antiserum (610060) was obtained from BD. Fibronectin (F3648) and pacsin 2 (SAB1300127) antisera were obtained from Sigma-Aldrich.

Working batches of primary Abs were diluted in 1% BSA in PBS, supplemented with 0.1% thimerosal to prevent microorganism contamination.

Secondary Abs
-------------

Secondary Abs including subtype-specific anti-mouse IgG, Fab fragments, and gold coupled anti-HRP were obtained from Jackson ImmunoResearch Laboratories, Inc., except the Alexa-coupled Abs (Invitrogen) and HRP-coupled anti-mouse Fab (Abcam). When necessary, we used secondary Abs that had been cross-absorbed against IgG from other species, to prevent cross-labeling. Great care was taken to control this issue.

Cells and prion strains
-----------------------

Cell lines were maintained in DMEM-OptiMEM (1:1) with 5% heat-inactivated FBS, penicillin, streptomycin, and glutamine (D/O medium) and were typically split at 1:4 using 0.05% wt/vol trypsin (in 0.004% wt/vol EDTA in PBS) once a week. For immunofluorescence, cells were seeded on 8-well Permanox or coverglass bottom chamber slides.

GT1-1 (herein called GT1) are immortalized mouse hypothalamic neurons ([@bib62]) susceptible to prion infection ([@bib94]). ScGT1 and ScGT1/22L are GT1 cells chronically infected with the RML or 22L ([@bib70]) strains of mouse-adapted scrapie, respectively. SMB cells persistently infected with the Chandler scrapie isolate ([@bib21]) and their PPS-cured counterpart, and the 22L strain of mouse-adapted scrapie were purchased from the TSE Resource Center (Veterinary Laboratories Agency Weybridge). Infected cells were cured by exposure to 5 µg/ml PPS for 1 mo; we detected no protease-resistant or insoluble PrP in these cells for up to 3 yr after curing (Fig. S2 A). ScN2a-cav are chronically RML-infected mouse N2a cells stably expressing human caveolin-1 under G418 selection ([@bib69]). GT1-Δ23-89 stably express an abridged mouse PrP (lacking the N terminus) on the MHM2 platform under G418 selection ([@bib96]). CAD (cath.a differentiated) cells ([@bib85]) are a variant of the central nervous system catecholaminergic line cath.a. Their infectibility with RML and ME7 has been reported previously ([@bib55]). Min6 is a mouse pancreatic β line ([@bib65]) whose susceptibility to prion infection is reported here for the first time.

DRGs (Fig. S1 I) were dissected from embryonic mice as described previously ([@bib3]). In brief, the dissected ganglia from 15--16-d embryonic C57BL/6 mice were dissociated by several passages through a constricted Pasteur pipette and the cells were seeded into 35-mm Petri dishes (1.5 × 10^5^ cells/dish; Corning) coated with collagen (Vitrogen 100; Collagen Biomaterials). The cells were then grown in a culture medium based on serum-free Neurobasal medium and B27 supplement (1:50), [l]{.smallcaps}-glutamine (1:100), gentamicin sulfate (15 µg/ml; all obtained from Gibco), and nerve growth factor (1 ng/ml; Sigma-Aldrich) for 6 d. ScGT1 cells were then added and cocultivated for 5 d in the same medium. The cells were then fixed, permeabilized, denatured with GdnSCN, and stained with mAb 8B4.

Optimization of strings
-----------------------

In ScGT1 cells, the abundance of strings increased in the days after seeding, as long as the culture stayed subconfluent; however, strings disappeared at confluence (Fig. S1 C, b). To prepare ScGT1 for string immunofluorescence, it is crucial to start with a subconfluent ScGT1 stock and to thoroughly disperse cells on seeding. Strings disappear upon trypsinization and slowly reappear in the following days. In cells split with trypsin, abundant strings are routinely obtained when ScGT1 cells are seeded at 5--10% confluence and grown for 2--3 wk. In cells split without trypsin (0.05% wt/vol EDTA in PBS), strings are already present the day after seeding and the proportion of string-positive cells often surpasses 90% after 5 d. Spitting cells without trypsin was especially important for obtaining strings when using glass-bottomed slides. We found that NH~4~Cl administered for 10 h before the experiment often increased the abundance and intensity of strings ([Fig. 8 G](#fig8){ref-type="fig"}).

Cytostatic regimen
------------------

GT1 and ScGT1 were treated with MMC (0.04 µg/ml, 6 h) followed by MMC (0.02 µg/ml)/BrdU (5 µM) for 5d and refreshed with medium without MMC/BrdU. 6 d after starting the treatment, string prevalence was 90--100%; 3 wk later cells were covered by vast PrP^Sc^ webs and had almost no intracellular PrP27-30. A variety of substrates, such as polylysine, matrigel, gelatin, and Cell-Tak, did not increase (and in some cases decreased) strings. Of note, strings were abundant in ScGT1 cells seeded on ITO-coated slides (see Correlative LM/SEM section).

In SMB cells, strings were more abundant in D/O with 5% FBS than in M199 with 10% FBS and 5% newborn calf serum (the medium recommended by the supplier). Similar to ScGT1, SMB cells also lost strings after reaching confluence. In ScN2a-cav cells, strings were especially visible in cultures growth arrested by a 7-d treatment with the minor groove binding agent distamycin A (10 µM; Fig. S1 F).

PIPLC treatment of live cells at low temperature
------------------------------------------------

Cells grown on multiwell slides or 60-mm plates were cooled to 8°C, washed twice with cold PBS, and incubated with PIPLC (1--2 U/ml in PBS) for 1 h at 8°C.

Immunofluorescence
------------------

### Fixed cells.

Cells grown on multiwell slides were fixed (45 min at RT) with 12% formalin in PBS or with 4% formaldehyde in PBS, with indistinguishable results, quenched (1% NH~4~Cl wt/vol in PBS), and permeabilized with Triton X-100 (either 0.01% or 0.1% vol/vol, with indistinguishable results, in PBS, at RT for 5 min). Strings were also decorated with N-Abs when cells were fixed stringently with formalin (12%, 90 min) and post-fixed with MeOH at −20°C to prevent the potential Ab-induced patching of GPI-APs ([@bib60]; [@bib35]; [@bib110]), or when they were fixed only with MeOH.

In some experiments, formalin-fixed cells were then denatured either with 98% FA (7 min at RT) or 3 M GdnSCN (5 min at RT) to unmask PrP^Sc^ epitopes and then thoroughly rinsed (see In situ denaturation).

Cells were then blocked with BSA (1% wt/vol in PBS for 1 h at RT). All primary and secondary Abs were diluted in blocking buffer (1% wt/vol BSA in PBS) and cleared by ultracentrifugation (100,000 *g* for 15 min at 4°C) before use. Cells were incubated with primary Abs (either 2 h at RT or 18 h at 4°C, with indistinguishable results) followed by secondary Abs for 45 min at RT.

To stain cells with phalloidin, they were fixed with formaldehyde at 37°C (to preserve both the integrity of the actin cytoskeleton and the phalloidin binding). Cells stained for microtubules were fixed with methanol (10 min at −20°C; Fig. S5 A).

To stain nuclei, DAPI (10 µg/ml) or Hoechst 33342 (1 µg/ml) were mixed either with the secondary Abs or included in the mounting solution. Cells were mounted in N~2~-saturated 80% vol/vol glycerol and 100 mM Tris-Cl, pH 9, supplemented with 5% wt/vol N-propyl gallate ([@bib28]).

In ScGT1 and in cured ScGT1-PPS monolayers, we observed that strings are often most abundant in flat, nondividing cells. In contrast, PrP^C^ is usually more abundant in round and dividing cells. For this reason, ScGT1 cells chosen for their abundant strings often appear to have less immunolabeled PrP^C^ than their cured ScGT1-PPS counterparts (e.g., [Fig. 1 C](#fig1){ref-type="fig"}, a and b). Compounding this bias, we also found that the region of the PM that carries strings is sometimes depressed (in terms of focal plane) relative to the surrounding PM regions. Thus, micrographs of strings often to do not capture surface PrP^C^ to the correct extent.

In situ denaturation
--------------------

Since the discovery that PrP^Sc^ is poorly immunoreactive ([@bib97]), a variety of techniques have been developed to retrieve its epitopes. FA ([@bib48]) and hydrolytic autoclaving ([@bib49]) are among the most efficient means of exposing PrP^Sc^ in brain tissue. In contrast, immunofluorescent studies of prions in cultured cells have most often used guanidine salts, such as 3 M GdnSCN or 6 M GdnHCl ([@bib112]).

Here we found that these two chaotropes do not efficiently expose core PrP27-30 epitopes within strings. Using 3 M GdnSCN, core Abs stained only intermittently along the strings delineated by N-Abs (Fig. S3 B). In contrast, FA resulted in a much more continuous staining of strings by core Abs (e.g., compare the patterns of Fab D13 immunostaining in Fig. S3 D).

Cell surface labeling/clustering with PrP Abs
---------------------------------------------

For labeling at low temperature, cells were rinsed with ice-cold PBS and incubated with the primary Abs diluted in 1% BSA in PBS (1 h, either on ice or at 8°C with indistinguishable results), followed by secondary Abs diluted in 1% BSA in PBS (45 min, either on ice or at 8°C). When needed, CTxB (2--6 µg/ml) was added to the latter step; in this case both the toxin and the secondary Ab were resuspended in 0.2% BSA. Secondary Fab fragments were used to minimize cell surface patching. To induce cell surface clusters, we used either polyclonal secondary Abs (Fig. S4 B) or secondary Fabs in conjunction with a tertiary polyclonal Ab ([Fig. 5, B and C](#fig5){ref-type="fig"}; and [Fig. 6 E](#fig6){ref-type="fig"}, d). Cells were then fixed and examined by fluorescent microscopy and SEM.

Live tracking of PrP^C^ and strings using time-lapse microscopy
---------------------------------------------------------------

For the experiments described in [Fig. 5 (A and B)](#fig5){ref-type="fig"} and Videos 1--4, chilled cells were cell surfaced labeled with 8B4 followed by Fab-RRX as described in the previous paragraph. To produce PrP^C^ patches ([Fig. 5, B and C](#fig5){ref-type="fig"}, patched), we used tertiary polyclonal Abs at a concentration adjusted so that the integrated 8B4 intensity in patches ([Fig. 5 B](#fig5){ref-type="fig"}, b) was about twice that in PrP^Sc^ strings ([Fig. 5 B](#fig5){ref-type="fig"}, c, per 300 nm/unit length; and [Fig. 5 C](#fig5){ref-type="fig"}, b, histogram; *n* = 28 for each object type). The 1/2 immunostaining ratio was chosen to account for the reduced native 8B4 reactivity in strings (Fig. S3 F). Labeled cells were then placed in full D/O medium (without phenol red, with 10 mM Hepes, pH 7.3), gradually warmed to 24°C and then examined by time-lapse microscopy.

Pulse-chase immunofluorescence labeling experiments
---------------------------------------------------

In [Fig. 8 (A and B)](#fig8){ref-type="fig"}, the cells were immunolabeled for 20 min at 37°C in full D/O medium including a mixture of 8B4 and RRX secondary Fabs. To prepare this Ab mixture, Abs (25 µg/ml 8B4 and 300 µg/ml RRX-coupled secondary Fabs) were incubated together for 30 min on ice in 1% BSA in saline. They were then cleared by a high speed centrifugation (100,000 *g* for 15 min at 4°C), diluted 1:10 in full D/O medium and applied to the cells. After chase periods in unlabeled medium, the cells were cooled to ice temperature and labeled with Cy2 secondary Fab (30 µg/ml) to restain 8B4 still residing on the cell surface.

Competing mAb 8B4 with a specific peptide
-----------------------------------------

The PrP specificity of mAb 8B4 staining of strings was verified using the synthetic peptide N-CRYPGQGSPGRYPGQGSPG-COOH (Sigma-Aldrich), which contains a duplicate of the established epitope RYPGQGSPG ([@bib53]). 8B4 and SAF32 (2 µg/ml) were mixed with increasing concentrations of the peptide (0--8 µg/ml) in PBS + 1% BSA and incubated for 1 h at RT before cell immunolabeling (Fig. S2 D).

Staining live cells with tracers and Abs
----------------------------------------

Cells growing on multiwell slides (either Permanox or coverglass bottomed slides) were incubated with the following tracers (added to the cell medium at 37°C) before microscopic examination (Table S1): fixable Alexa 555 dextran or Cascade blue dextran (250 µg/ml, 2--5 h), LysoTracker (100 nM, 45 min), BODIPY (to stain neutral lipids in lipid droplets; 5 µg/ml), and Alexa 488--labeled aerolysin (25 nM; see Table S1).

Cell lysis and enzymatic treatments
-----------------------------------

Cells were lysed and prepared for Western immunoblotting essentially as described previously ([@bib68]; [@bib117]). Cells were scraped off the dish in ice-cold PBS, spun down in a microcentrifuge (10 min, 4°C, g~av~ = 260 *g*), and then resuspended and lysed with ice-cold lysis buffer (0.5% Triton X-100, 0.25% sodium deoxycholate, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 10 mM EDTA). Lysates were immediately cleared in a microcentrifuge (5 min, 4°C, g~av~ = 5,000), and biochemical analyses were performed on the supernatant. Protein concentrations were measured using the Bradford assay (Bio-Rad Laboratories) and samples were typically normalized for their protein content before loading on SDS-PAGE gels. Protease-resistant PrP^Sc^ was defined as the PrP fraction resistant to proteolysis catalyzed by proteinase K (20 µg/ml, 37°C, 30 min). Proteolysis was stopped by adding PMSF to a final concentration of 2 mM followed by a 20-min incubation on ice. Deglycosylation of samples with PNGase F was performed as per the manufacturer's instructions.

Gel electrophoresis and Western blots (WBs)
-------------------------------------------

Samples were supplemented with Laemmli loading buffer ×4 (containing β-mercaptoethanol) and incubated at 95°C for 10 min before loading on 12.5% polyacrylamide (acrylamide/bisacrylamide, 29:1) gels and electrophoresis. Samples were electro-transferred to PVDF membranes in a Tris/glycine transfer buffer ([@bib115]) containing 0.001% wt/vol Sarkosyl instead of SDS. Membranes were blocked with 1% fat UHT milk (30 min at RT), rinsed with TBST (10 mM Tris HCl, pH 7.4, 150 mM NaCl, and 0.3% Tween 20) and sequentially incubated with the primary Abs (2 h at RT or 12 h at 4°C) and the secondary (30 min at RT) Abs, both in TBST. Membranes were then rinsed extensively in TBST, developed with ECL reagents (100 mM Tris, pH 8.5, 0.05% H~2~O~2~, 1.25 mM luminol, and 0.2 mM p-coumaric acid) for 1 min, and imaged. For WB with either 8B4 or SAF32, two high salt rinsing steps (each 10 min at 4°C; 450 mM NaCl, 0.3% Tween 20, and 30 mM Tris-Cl, pH 8) were added after incubation with the primary Ab. After two further rinses in regular salt conditions, PVDF membranes were reblocked with 1% fat UHT milk. In some experiments membranes were stripped from both primary and secondary Abs with 300 mM NaOH (5 min at RT), and then rinsed with DDW, equilibrated with TBST, blocked, and reprobed with other Abs.

Velocity sedimentation in sucrose gradients
-------------------------------------------

The entire procedure was performed on ice. 7 × 10^6^ cells were scraped off the plate in ice-cold Hepes buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, 0.1 mM CaCl~2~, and 1 mM MgCl~2~), and then lysed for 30 min (on ice) in 350 µl Hepes buffer containing 2% wt/vol *N*-octyl glucopyranoside. Lysates were then cleared in a microcentrifuge (5 min, 4°C, g~av~ = 5,000). Supernatants were brought to 1% Sarkosyl, incubated for 30 min on ice, and then loaded on top of a 10--60% sucrose step gradient in TNS (10 mM Tris, pH 7.5, 150 mM NaCl, and 1% Sarkosyl). Gradients were built in polyallomer (11 × 34 mm) tubes from 300 µl of each of the following sucrose concentrations: 10, 15, 20, 25, 30, and 60% in TNS. The gradients were spun for 1 h at 4°C at 55,000 rpm (g~av~ = 225,000 *g*) in a TLS-55 rotor of an Optima TL ultracentrifuge (Beckman Coulter). Eleven fractions (180 µl each) were collected from the top of the tube.

Fab blocking procedure
----------------------

In the experiment described in [Fig. 3 B](#fig3){ref-type="fig"}, we used 8B4 twice to detect two different pools of PrP. Living cells on ice were surface stained with 8B4 followed by a secondary Fab-RRX (step 1). Step 2 was as follows: cells were fixed with formaldehyde, permeabilized, and postfixed with methanol (−20°C), reblocked with BSA, and then incubated with an excess of unlabeled anti-mouse Fabs. 8B4 was then used again to detect intracellular PrP (followed this time by secondary Abs coupled to Alexa 488). This Fab-blocking procedure (adapted from [@bib107]) was performed to minimize the reaction of the secondary Ab used after fixation (in step 2) with cell-surface 8B4 mAb remaining from step 1.

PM tear-off and ThT staining
----------------------------

PM sheets of ScGT1 or of PPS-cured cells were prepared as described previously ([@bib93]). Cells grown on glass coverslips were immunolabeled on ice with mAb 8B4 followed by RRX secondary Fab and then pressed for 20--30 s onto polylysine-coated glass coverslips. The polylysine-coated coverslips were detached, rinsed in ice-cold PBS, and immediately fixed with 12% formalin in PBS (15 min on ice followed by 30 min at RT), and rinsed with PBS. They were then incubated for 10 min at RT in 0.05% wt/vol ThT freshly made in 50% EtOH. Coverslips were then dipped twice in 80% EtOH and rinsed 3× in a large volume of ddH~2~O followed by a 1.5-h incubation in PBS at 4°C before mounting. In Fig. S4, fixed coverslips were incubated in 98% FA (at RT for 2 min) and then thoroughly rinsed before ThT staining.

Microscopy and image analysis
-----------------------------

Cells or PM tear-off preparations were examined with a microscope (Axiovert 200M; Carl Zeiss) equipped with a motorized z-drive, a motorized XY stage, and a CoolSnap HQ cooled CCD camera (Princeton Instruments). Microscopy was performed at RT. We used an NA = 1.3, 100× Plan Neofluar oil objective (except in Figs. S3 I and S1 B, where NA = 1.4, 63× Plan Apochromat, and NA = 1.3, 40× Plan Neofluar, objectives were used, respectively), in conjunction with High Efficiency filter sets (Carl Zeiss). Images were acquired and processed using the MetaMorph software (Molecular Devices). In many cases, z-stacks at 0.2--0.3-µm intervals were acquired. In some cases (indicated in the relevant figures), nearest neighbor 2D deconvolution (MetaMorph) was used to enhance the signal/noise ratio. In other cases, z-stack images were 3D deconvolved by a blind deconvolution protocol using the Huygens software from Scientific Volume Imaging. To detect the fluorescence shift of ThT, we used the 47 High Efficiency filter set (excitation 436/25 nm, emission 480/40 nm; Carl Zeiss). Long exposures (up to 15 s) were needed to detect ThT fluorescence of strings.

In some figures, the cell perimeter was outlined using DIC images ([Fig. 1 C](#fig1){ref-type="fig"}, a, b, d, and e; Fig. S2 E; and [Fig. 2 E](#fig2){ref-type="fig"}), or filipin fluorescence ([Fig. 3 A](#fig3){ref-type="fig"}; filipin staining not depicted).

### FRAP.

FRAP experiments were performed in an LSM710 confocal microscope (Carl Zeiss) equipped with a 37°C incubator using an NA = 1.4, 63× Plan Neofluar objective. Live SMB cells labeled with 8B4/RRX secondary Fab were photobleached and then observed for up to 30 min by time-lapse microscopy. Images were acquired using the Zen software.

Correlative LM/SEM
------------------

Correlation LM/SEM was conducted on cells grown on ITO-coated glass. This transparent layer permits both LM and SEM imaging and is conductive enough to permit SEM imaging of immunogold-labeled cells without further metal coating ([@bib81]). The slides were custom built by the Center for Nanoscience and Nanotechnology (The Hebrew University of Jerusalem). Positional LM/SEM correlation was achieved by a gold nanoruler deposited on the slides, which was visible in both microscopy modes. The microscope glasses (0.17--0.19-mm thick; IBIDI) were coated by evaporation with a 10-nm titanium layer followed by a 50-nm gold layer. Mask-assisted optical UV lithography and wet etching were then used to create a numbered titanium-gold topographic nanoruler, which was visualized by both LM and SEM (Fig. S4). Slides were then cleaned by ultrasonication and overlaid with a transparent 40-nm ITO conductive layer (by sputtering). The slides were then mounted with self-adhesive 8 wells (sticky wells; IBIDI) and sterilized with 70% ethanol.

Cells were grown on these 8-chambered ITO-coated slides. Live ScGT1 and ScGT1-PPS cells cooled to 8°C were incubated sequentially with mAb 8B4, HRP-labeled secondary anti-mouse Fabs from goat, and goat anti-HRP Ab coupled to 18-nm gold. This immunogold staining was followed by donkey anti-goat Fab (in ScGT1 cells) or whole IgG (for PrP^C^ patching in ScGT1-PPS cells) coupled to RRX. The HRP-labeled secondary Fab served as a spacer to enhance immunogold labeling of the cell surface PrP. In some cases the cells were treated with PIPLC (2 U/ml in PBS; 8°C for 1 h) before immunolabeling. Cells were then fixed (4% formaldehyde in 0.1 M sodium cacodylate for 20 min on ice, and then 1 h at RT), rinsed with 0.1 M sodium cacodylate, and imaged with a 1.3 NA oil, 100× objective for fluorescence and DIC. Slides were also imaged by phase microscopy at lower magnifications for orientation purposes. The cells were then postfixed with 2% formaldehyde/2.5% glutaraldehyde (0.1 M sodium cacodylate, for 1 h at RT), rinsed thoroughly, and postfixed with 1% OsO~4~ and 1.5% potassium ferricyanide (0.1 M sodium cacodylate, for 1 h at RT), thoroughly rinsed, dehydrated in a graded ethanol series, and then gradually substituted with Freon 114. Keeping the slides in Freon overnight at 4°C facilitated the removal of the sticky wells. Freon remnants were evaporated in a chemical hood.

Samples were imaged in a Magellan 400L Extra High Resolution SEM equipped with a Schottky field emission gun (Center for Nanosciences and Nanotechnology). Colloidal gold (18 nm) was detectable using BSe at magnifications as low as 5,000. For this purpose, we used a variable contrast solid-state BSe detector (vCD) at slow (≥3 µs/well) high resolution scans. Samples were imaged in immersion mode with a landing energy of 5 kV and a beam current of 800 pA at working distances of 3.5--4 mm ([Figs. 6 E](#fig6){ref-type="fig"} and S4 F). The size of the gold particles determined at higher magnifications corresponded to monodisperse 18-nm gold as expected. In our hands, the nanoruler was absolutely required for LM/SEM correlative imaging of immunolabeled objects of micrometer and submicrometer length (such as PrP^Sc^ strings).

The spatial resolution of the SEM experiments is \<40 nm limited by the length of the Ab bridge (12 nm for IgGs: 8B4 and gold-labeled tertiary Ab, 7 nm for the bridging Fab, and 9 nm gold radius \[[@bib39]\]). However, examining straight strings suggests that the actual resolution is even better ([Fig. 6 E](#fig6){ref-type="fig"}).

Tissue and cell processing for cryosectioning
---------------------------------------------

### Animals and preparation of tissue.

Prion-infected and control brain tissues were provided by H. Wille and S.B. Prusiner (University of California, San Francisco, San Francisco, CA). Wild-type FVB mice were injected intracerebrally with 30 µl of 1% brain homogenate from mice infected with RML prions or from normal mice as controls. RML-infected mice were killed at 104--106 dpi and control mice were killed at 116 dpi. Onset of overt prion disease occurs at ∼120 dpi. Mice were killed according to the Public Health Service (National Institutes of Health) Guide for the Care and Use of Laboratory Animals and transcardially perfused with fixative containing 2% PFA and 0.2% glutaraldehyde in PHEM buffer (25 mM Hepes, 10 mM EGTA, 60 mM Pipes, and 2 mM MgCl~2~, pH 7.2), as described previously ([@bib64]). Brains were postfixed in the same fixative for 16--24 h, transferred to 1% PFA in PHEM buffer for 7 d, and then stored in 0.5% PFA in PHEM.

### Preparation of cells.

Min6 and Min6/RML cells growing on 90-mm dishes were fixed by addition to the culture medium of an equal volume of 4% PFA in 2× PHEM buffer for 24 h at RT. The fixative was replaced with PBS containing 0.15 M glycine (PBSG) and cells were washed twice with PBSG. The PBSG was then replaced by 5 ml of prewarmed 1% gelatin in PBS and left for 30 min at 37°C. Cells were scraped with a rubber policeman, pelleted in an Eppendorf tube, resuspended into 1 ml of prewarmed 12% wt/vol gelatin in 0.1 M of phosphate buffer, pH 7.2 (at 37°C), and then pelleted again. The gelatin was allowed to set at 4°C.

### Cryosectioning.

Blocks of tissue, 1 mm^3^, were cut from the hippocampus CA1 region or from gelatin-embedded cell pellets. These were rinsed first with PBS, then with PBS containing 0.02 M glycine, transferred into 2.3 M sucrose as cryoprotectant, and rotated end over end for 16 h at 4°C. Blocks were then placed onto metal pins for cryosectioning and frozen in liquid nitrogen ([@bib78]). Cryosectioning was performed at −110°C using an Ultratome UCT with cryo-attachment (Leica). Sections for cryoimmunogold electron microscopy, 70- or 200-nm thick, were picked up from the diamond knife with 1% methyl cellulose 25CP and 1.15 M sucrose solution, and transferred to formvar/carbon-coated copper grids (hexagonal grid bars, spaced 200 µm across). Sections for immunofluorescence were 200- or 500-nm thick and were picked up using 2.3 M sucrose and placed on glass slides.

For SAF32 immunofluorescence of brain tissue ([Fig. 1 E](#fig1){ref-type="fig"}), we performed an antigen retrieval step before blocks were infiltrated with sucrose. The blocks were rinsed successively with PBS, PBSG, and 0.01 M sodium citrate, pH 6.0 (antigen retrieval solution), and then heated at 95°C in de-gassed antigen retrieval solution for 30 min. The blocks were then allowed to cool slowly (20 min) and rinsed with PBS before transfer into sucrose solution.

### Immunofluorescence labeling of cryosections.

Cryosections were rinsed twice with PBS and five times for 3 min with PBSG. Non-specific Ab binding was then blocked with PBSG containing 0.5% cold fish gelatin and 0.1% BSA (gel + BSA) for 15 min. Sections were incubated with 1 µg/ml SAF32 in PBS containing gel + BSA for 1 h at RT. Slides were rinsed five times for 3 min with PBSG before incubating for 30 min with Alexa 488--conjugated goat anti--mouse IgG (Invitrogen) in PBS containing gel + BSA. Sections were washed five times for 3 min with PBSG and then mounted in Vectashield (Vector Laboratories) containing 2 µg/ml DAPI. Images were made using an AxioObserver Z1 inverted microscope (Carl Zeiss), equipped with an ORCA AF Black and White CCD camera (Hamamatsu Photonics) and axiovision software (Carl Zeiss), which adds false colors to the images.

### Immunolabeling for TEM.

Grids were placed with sections facing down on plates of 2% gelatin in a 37°C incubator for 30 min. Grids were then floated with the sections facing down onto drops of washing and Ab solutions: PBSG, 5× 2 min; gel + BSA in PBSG, 5 min; SAF32 Ab at 1 µg/ml in PBS containing gel + BSA, 1 h; PBSG, 5× 3 min; PBSG containing 1% BSA, 3 min; bridging Ab rabbit anti--mouse IgG (Dako) in PBS containing 1% BSA, 30 min; PBSG, 5× 2 min; PBSG containing 0.1% BSA, 3 min; Protein A conjugated to 10-nm gold particles (Utrecht Medical Center) in PBS containing 1% BSA, 20 min; PBS, 3× 5 s, followed by 6×, 3 min; 1% glutaraldehyde in PBS, 5 min; milliQ water, 10× 2 min; 0.6% uranyl acetate in 1.8% methyl cellulose, pH 4.8, 5 min. Grids were then picked up in wire loops, excess uranyl solution was drained off, and grids were allowed to dry. Electron microscopy was performed using a CM10 microscope (FEI) at 80 kV.

Recommendations for optimal string detection
--------------------------------------------

In our hands, the following considerations need to be met to obtain satisfying immunofluorescent images of strings. (a) The best is to adhere to the culture conditions outlined in the Optimization of strings section, as a basis for further improvement. (b) To detect strings using core Abs, it is essential to use FA rather than GdnSCN, as the latter chaotrope yields a dotted staining pattern that is difficult to distinguish from the strong cytoplasmic PrP27-30 perinuclear stores. (c) To detect strings on live cells, 8B4 and EST123 are the Abs of choice because they react well with nondenatured strings. In contrast, with SAF32, the signal/noise ratio obtained in native staining on the surface of live cells is suboptimal. (d) To detect strings in fixed and denatured cells, SAF32 and 8B4 can be used interchangeably. They can also be used together in costaining experiments because they are of different IgG subclasses. (e) Finally, strings are best detected using high quantum yield fluorophores, in conjunction with high efficiency filters (such as the High Efficiency series) and high numerical aperture objectives.

Online supplemental material
----------------------------

Fig. S1 shows the presence of PrP strings and webs in a variety of cell systems and in the mouse hippocampus. Fig. S2 demonstrates the specificity of detection of prion strings with mAb 8B4 to infected cells. It also includes WB analysis of PrP GT1/ScGT1/ScGT1-PPS and in Min6 cells. Fig. S3 illustrates and compares the potency of FA and GdnSCN to reveal epitopes along strings. It includes a micrograph of strings in CAD/ME7 cells. Fig. S4 deals with structural features of strings including FRAP analysis of longitudinal diffusion along strings in live ScGT1 and the specificity of ThT staining of PM sheets to prion strings, and illustrates the LM/SEM correlative approach. Fig. S5 shows that strings do not coalign with microtubules and are impervious to short-term action of nocodazole or cytochalasin Videos 1--4 display time-lapse microscopy of PrP^Sc^ strings and of PrP^C^ on the surface of live GT1 and ScGT1 cells. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201308028/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201308028.dv>.

Supplementary Material
======================

###### Supplemental Material

We thank S. Ben-Yehuda, S. Even-Ram, R. Gabizon, I. Gahali-Sass, E. Metzer, U. Sass, O. Schonberger, and H. Wille for useful discussions; H. Falk, L. Friedkin, N. Moshkowitz, and T. Mosevitzky for excellent technical assistance; S. Johansson for advice on fibronectin; L. Stitz for the W226 mAb; and D. Barritault for HM. P.J. Peters and S.F. Godsave are grateful to H. Wille and S. Prusiner for providing prion-infected and control brain tissue. We are grateful to E. Blayvas, G. Chechelinsky, S. Eliav, D. Greental, N. Mazurski, and I. Popov (Center for Nanoscience and Nanotechnology, The Hebrew University of Jerusalem \[HUJI\]) for excellent assistance with the SEM and the nanofabrication of ITO/gold nanoruler slides and to H. Glickstein and Y. Feinstein-Rotkopf (Core facility, Faculty of Medicine, HUJI) for their help with the TEM and confocal microscopy.

This work was supported in part by a USAID American Schools and Hospitals Abroad grant for the procurement of an LSM710 confocal microscope at the Faculty of Medicine (HUJI). This study was supported by grants from the Israel Science Foundation (to A. Taraboulos), the US-Israel Binational Science Foundation (to G.A. Carlson and A. Taraboulos), European Commision FP7 project No. 222887 PRIORITY (to C. Korth, P.J. Peters, K. Kristensson, and A. Taraboulos), and the Horwitz Foundation (to A. Taraboulos). S. Karniely was supported by a Valazzi-Pikovski Fellowship for postdoctoral researchers. C. Korth was supported by the Joint Programme for Neurodegenerative Disease Research DEMTEST (BMBF 01ED1201B).

The authors declare no competing financial interests.

Abbreviations used in this paper:AbantibodyBSeback-scattered electronCTxBcholera toxin subunit Bdpidays after inoculationDICdifferential interference contrastDRGdorsal root gangliaFAformic acidFLfull-lengthGdnSCNguanidine thiocyanateGPIglycosylphosphatidylinositolGPI-APGPI-anchored proteinHMheparan-mimetic HM5004ITOindium-tin oxideLMlight microscopyMMCmitomycin CN-AbsN-proximal AbsPIPLCphosphatidylinositol-specific phospholipase CPMplasma membranePPSpentosan polysulfateRMLRocky Mountain LaboratorySEMscanning electron microscopyTEMtransmission electron microscopyThTthioflavin TWBWestern blot

[^1]: A. Rouvinski and S. Karniely contributed equally to this paper.
